Comparison of two sets of marsh-accumulation records from each of three Connecticut (USA) salt marshes, one based on individually calibrated dates and the other on wiggle-match dating of the same series of dates, shows that wiggle-match dating results in more precise and objective reconstructions of longer-term (10 2 -10 3 yr) changes in accumulation rate. On (sub-)century time scales, wiggle-match dating can reveal steps in the calibrated marsh-accumulation envelope as artefacts of the calibration curve, but may also leave real short-term changes in accumulation rate undetected. Wiggle-matches are non-unique, being dependent on the number, quality and distribution of radiocarbon dates in a sequence, how a series of dates is subdivided into groups (representing intervals of uniform accumulation rate), and what is considered a "best match". Samples from the studied salt-marsh deposits required no correction for reservoir effects prior to calibration.
INTRODUCTION
High-resolution records of relative sea-level (RSL) variations covering the past several thousand years have been extracted from peaty salt-marsh deposits along the western and eastern seaboards of North America. A primary objective of studies from the USA Atlantic coast is the investigation of the relationship between sea-level and climate-ocean changes (e.g. Varekamp et al. 1992; Nydick et al. 1995; van de Plassche et al. 1998a van de Plassche et al. , 1998b Varekamp and Thomas 1998; Gehrels 1999; van de Plassche 2000) . Records of local RSL change can be established by examining intra-core variations in marsh-paleoecological indicators, such as vascular plants, diatoms and foraminifera, which possess quantified vertical relationships to tidal parameters. The accelerator mass spectrometry radiocarbon (AMS 14 C) dating of plant macro-fossils provides ages for individual horizons within the core, and interpolation between these points yields an age-depth relationship (marsh-accumulation history) which can be used to place the inferred RSL variations into a temporal context (Varekamp et al. 1992; van de Plassche et al. 1998a) . Ultimately, the precision and accuracy of the accumulation history will, in part, determine the resolution at which sea-level variations can be meaningfully investigated.
Variations in atmospheric 14 C activity and the statistical nature of radioactive decay mean that calendar dates converted from individual 14 C dates are associated with uncertainties of variable magnitude. The precision of a chronology is particularly affected where it coincides with periods when the 14 C calibration curve exhibits "plateaus" (e.g. the "Hallstatt Plateau" ca. 2450 BP), and resulting calendar-age uncertainties may extend up to 400 years. These characteristics introduce considerable scatter in age-depth diagrams which complicate the construction of reliable accumulation curves.
A strict consideration of age errors as advocated by Shennan (1986) , would frequently require the assignment of a single, linear interpolation through an entire set of dates. Such an approach is undesirable in the context of high-resolution studies since this single value may mask shorter period rate changes, and is likely to be a gross over-simplification where variations in stratigraphy are present. Attempts have been made to improve chronologies by constructing an error envelope, and within it a 'best fit' working curve, based on an evaluation of the reliability of individual age-depth data by reference to other age-depth data from the same core and to changes in vegetation communities and inferred depositional conditions (e.g. van de Plassche 2000). However, this approach contains sub-jective judgements and tends to give added weight to dates with small uncertainties, corresponding to steep sections of the 14 C calibration curve.
In this paper, we explore the potential application of AMS 14 C wiggle-match dating (WMD) as a tool to improve the precision of salt-marsh peat-based chronologies developed in sea-level research. This technique, previously used to refine accumulation histories from raised peat bogs, utilizes the variations (wiggles) present in the 14 C calibration curve to more precisely determine the ages of a sequence of 14 C dates (van Geel and Mook 1989; Kilian et al. 1995) . We present three sets of agedepth data from different salt-marshes in Connecticut, USA. For each marsh, accumulation histories are constructed based, firstly, on individually calibrated dates, and secondly, by wiggle-matching the same data. These results are compared and the implications for construction of records at millennial and (sub-)centennial time scales are discussed.
STUDY AREAS AND METHODS
We obtained a sequence of twenty or more 14 C dated marsh-surface indicators sampled at vertical intervals of about 10 cm from cores of salt-marsh peat collected in Pattagansett River marsh (PRM), Hammock River marsh (HRM), and East River marsh (ERM), Connecticut ( Figure 1 ). These marshsurface indicators (e.g. sub-surface stems, corms, and rhizomes) possess a quantified relationship to a former marsh surface, estimated on the basis of numerous observations, both in the field and in cores, of the modern depth ranges of sub-surface plant parts (van de Plassche et al. 1998a ). The vertical uncertainty of each paleomarsh-surface estimate includes an error for depth measurement relative to the modern marsh surface (Tables 1-3 ).
In HRM and PRM, core-site selection was based on prior stratigraphic mapping, and carried out to avoid sampling at locations with known erosive hiatuses in the record. In ERM, we revisited the core GK site studied by Nydick et al. (1995) ; here the record contains three stratigraphic hiatuses not apparent in the original data. In PRM, we retrieved one continuous vibracore (10 cm diameter) with 100% recovery (i.e. no compaction). In the other two marshes, we used a 1-m-long auger with a diameter of 6 cm to collect one or two sets of overlapping cores located 10-25 cm apart. These cores, which were stratigraphically matched prior to sampling, can contain some (1-5 cm) deformation due to stretching of the lower end of the core. (Stuiver and Reimer 1993) .
AMS 14 C Wiggle-Match Dating
The 14 C calibration curve relating 14 C ages (Y-axis) to calendar dates (X-axis), exhibits numerous "wiggles" caused by varying atmospheric 14 C activity. These variations may mean that the calibration of an individual 14 C date results in multiple calendar ages. If a suite of 14 C dates from a core is available, however, the uniqueness of parts of the calibration curve can be exploited to more reliably determine calendar age. The position of an individual date within a suite of dates is related to its neighbors via the accumulation rate of the sedimentary sequence. A suite of 14 C ages can therefore be mapped onto the calibration curve by performing a linear "stretch" along the X-axis which, in effect, serves to select the most appropriate accumulation rate for the sedimentary sequence. This fit- Kilian et al. 1995) . This method assumes that the accumulation rate has remained constant throughout the formation of the dated sequence. It is also possible to "Y-shift" the data which can be used to account for reservoir effects, etc.
In this paper, we apply the WMD approach to suites of AMS 14 C dates derived from salt-marsh peat cores. As mentioned above, a strict consideration of age errors would require the use of a constant accumulation rate throughout the sedimentary sequence. Consequently, we start by WMD the entire suite of dates to produce a single accumulation rate. However, unlike a simple linear interpolation, the WMD derived age takes into account the variability within the 14 C calibration curve. Where the rate of accumulation differs from this general trend, the data points progressively "drift" away from the calibration curve. When this occurs, the suite of dates can be sub-divided into sections of uniform accumulation rate, and wiggle-matched separately, thereby improving their fit to the calibration curve and refining the age estimates. This is most reliably achieved when supported by lithostratigraphic and biostratigraphic evidence of changing depositional conditions. Where sub-division of the data is required, "tie dates" are used to link the suites together and ensure that the overall sequence of dates is maintained.
Wiggle-match dating was performed using the Groningen Radiocarbon Calibration Program (Cal25) (van der Plicht 1993). Details of the 14 C dates and the WMD results are presented in Tables  1-3 . Whilst the Cal25 program does not return errors for the WMD ages, the non-unique solutions of WMD, particularly if "Y-shifts" in the data are invoked, means that uncertainties are inevitably Kilian et al. (1995) used an error based on sample-sediment thickness, but note that it is "…only part of the (undeterminable) error". Here, we demonstrate this uncertainty by assigning an arbitrary value of 50 years. The sequences presented here possess, on average, one 14 C date per 80 calendar years or so.
RESULTS

Accumulation Records Derived From Individually Calibrated Dates
Individually calibrated 14 C dates are shown for each of the three marshes in Figures 2A, 3A , and 4A (grey error boxes), in association with the lithostratigraphy of each core. All three diagrams demonstrate the problems associated with deriving precise, high-resolution marsh-accumulation curves from dates calibrated in isolation. Even with such a high frequency of 14 C dates (samples every ca. 10 cm, or ca. 80 calendar years), a wide range of possible scenarios may be invoked depending upon the degree to which data are (over)interpreted. For example, a straight line can be drawn through the data for PRM (Figure 2A ) suggesting a uniform rate of accumulation. Alternatively, if deviations in single 14 C dates are considered significant, it is possible to create a record exhibiting numerous accelerations in accumulation, such as at 2225 cal BC, 1350 cal BC, and 100 cal AD. Figure 3A ) also demonstrate the influence of features such as the "Hallstatt Plateau" between 750 and 400 cal BC where it is impossible to draw reliable conclusions on accumulation rate during this period. Unless supporting evidence for changes in depositional environment are provided by stratigraphic analysis, there is little alternative but to use a single, generalized accumulation rate for the entire period of study.
The record from ERM ( Figure 4A ) demonstrates how lithological information can influence the interpretation of the accumulation record. The stratigraphic record from ERM exhibits three hiatuses which are evident as an absence of 14 C dates between the intervals 525-650 cal AD, 1150-1300 cal AD and 1400-1650 cal AD. The two deeper hiatuses are related to the presence of rooted clay beds, 5-15 cm thick, with sharp lower boundaries. Unlike the histories of PRM and HRM, these abrupt changes in lithostratigraphy suggest brief periods of altered sedimentary conditions, and the individually calibrated 14 C data indicate these may have been associated with temporary increases in accumulation rate following erosion ( Figure 4A ). It is certainly plausible that the clay and clayey peat immediately overlying the hiatus was deposited at a higher rate than the average rate of vertical marsh-peat growth. The upper hiatus (1450-1650 cal AD) is also associated with a thin (a few cm) rooted clay layer and marks the abrupt transition from the accumulation of peat with a low clay content. The variation in atmospheric 14 C during the past 400 years creates a confusing pattern of change in the accumulation curve above this hiatus, but the data appear to indicate it may also be associated with an increased rate.
Accumulation Records Derived from Wiggle-Match Dating
Figures 2B, 3B, and 4B show the wiggle-matched dates for each study site plotted onto the 14 C calibration curve. Figures 2C, 3C , and 4C (black error boxes) show the accumulation record derived from these dates, how the total suite of dates were divided into sub-sets for individual WMD (A, B, and C; second column on left), and how these WMD age-depth plots compare with the individually calibrated calendar ages.
The sequence from PRM ( Figures 2B, 2C ) was divided into three sub-sets and produces a good wiggle-match result. The earliest portion of the sequence could not reliably be sub-divided any further due to lack of distinct features in the calibration curve. The WMD age for Date 18 is an outlier, and plots around 50 years too old. The presence of the "Hallstatt Plateau" permitted a more precise subdivision of the data between 800-400 cal BC and distinguished a period of reduced accumulation rate.
The sequence from HRM ( Figures 3B, 3C ) was divided into three sub-sets and produces a good wiggle-match result. The WMD age for Date 10 is an outlier and plots approximately 20 years too young. Date 10 is included in sub-group B, which corresponds to a section of the core with an increased clay content, but the date itself is actually situated just below this clay enrichment. It is probable that the erroneous WMD age of Date 10 indicates a change in accumulation rate occurred at this time. It should be noted that, whilst the HRM record also encompasses the period of the "Hallstatt Plateau", no change in accumulation rate is apparent in the data. In the upper part of the sequence, the WMD age for Date 2 plots around 130 years too young. This discrepancy is most reasonably explained as a problem with the original date since this displays an age inversion with respect to Date 3.
The sequence from ERM ( Figures 4B, 4C ) was also divided into three sub-sets, although the WMD procedure was slightly different from the previous two marshes owing to the presence of hiatuses in the record. The periods of non-deposition meant that using tie dates to link the sub-sets of age data together would introduce considerable errors in the matches, and consequently the separate sections were wiggle-matched in isolation. The resulting WMD record possesses the most outliers of all the sites. Date 17 and Date 10, which plot about 80 and 70 years too old respectively, are associated with the two lower hiatuses. As mentioned previously, it is possible that these periods were associated with enhanced rates of accumulation, and this would account for the erroneous ages of the wigglematched dates. At the top of the sequence, the complicated pattern of change associated with the last 400 years, coupled with the absence of a tie date resulting from the erosive hiatus, means that this portion of the record is difficult to wiggle-match. The chosen WMD produces an erroneously young age for Date 1 (ca. 70 years), although the position of Date 1 relative to the other five 14 C ages may indicate that it is contaminated.
DISCUSSION
The results demonstrate that WMD can be applied successfully to salt-marsh peat sequences and can increase the precision of reconstructed accumulation histories. These advantages are most evident when comparing the two accumulation records for each marsh presented in Figures 2A/C, 3A/C, and 4A/C. The WMD technique is most successful where pronounced variations in the 14 C calibration curve are present since more "wiggles" permit more precise and reliable matches. Conversely, individually calibrated 14 C dates are at their least precise during "plateau" intervals. A further advantage is that the WMD histories are readily testable by the collection of more 14 C dates, particularly in areas where changes in accumulation rate are inferred. Increasing the number of dates during periods such as the "Hallstatt Plateau" will allow the timing of the changes to be more precisely and accurately matched. This is also in direct contrast to the use of individually calibrated dates, where the collection of more data frequently serves to increase the observed scatter and complicate the reconstruction of accumulation histories.
On a century time scale, the WMD distinguishes a step in the PRM accumulation record between 750 and 300 cal BC ( Figure 2C ), and suggests a higher rate of vertical marsh growth in ERM during the past 400 years, but straightens out all other short-term variations in the rate of marsh accumulation. The linearity inherent within the WMD approach means that, at these shorter time scales, brief changes in accumulation rate may be masked. Evidence for this is seen in the WMD accumulation records, particularly where WMD ages plot as outliers. The most outliers occur in the ERM record, and it is reasonable to suggest that this is because the sequence contains a greater number of shortterm changes in accumulation rate associated with the hiatuses. The more uniform, higher marsh sediments of PRM and HRM, exhibit less evidence of such brief "pulses" in accumulation, and are better suited to the WMD approach. Nevertheless, as HRM Date 10 demonstrates, independent lithologic or biostratigraphic evidence remains an important element to be considered when interpreting the data. Once again, the advantage of the WMD histories is that they are testable. The existence of outliers "flags" regions of the accumulation curve that require more investigation, and the collection of additional stratigraphic data (or dates) should serve to resolve whether a real, shortterm change in accumulation rate occurred, or whether the 14 C date is in error. Stratigraphic hiatus, for instance, can be difficult to detect. Careful re-inspection of the study site in PRM may reveal indications or evidence of a stratigraphic hiatus between Date 19 and outlier Date 18 and between Dates 10 and 9. In the latter case, the WMD will result in a PRM accumulation record without a step between 750 and 300 cal BC.
Despite the advantages described above, it is important to realize that the results of WMD are influenced by the number, frequency and distribution of available dates, the characteristics of the corresponding portion of the 14 C calibration curve, and the (arbitrary) error assigned to the WMD ages. Whilst the computerized process indicates which WMD scenarios display the "best fit", it does not determine the way in which the data are manipulated (axis shifted, sub-divided etc.). For example, the introduction of Y-shifts in the data, to describe features such as the reservoir effect noted in ombrogenous bogs by Kilian et al. (1995) , will alter the final WMD accumulation curve. Figure 3B shows that Dates 3-10 from HRM plot along the upper limits of the calibration curve (toward the younger end of the acceptable age range). It would be possible to invoke a Y-shift in the data to achieve a statistically "better" fit, but it is questionable whether this would result in a more accurate accumulation curve. Clearly, invoking multiple and varying sized Y-shifts in the data is not justified. Here, we have kept manipulation of the data to a minimum and no Y-shifts in the data have been attempted. Whilst it is possible that a reservoir effect is present in our salt-marsh sequences, it is not necessary to invoke one in order to produce the wiggle-matches presented above.
The construction of reliable, high-resolution sea-level records requires precise age and elevation data. Whilst it is possible to sample sediment every 1-2 cm for paleoecological data, technical and financial limitations commonly prevent the age of each sample from being estimated by 14 C dating. Even if this were possible, the uncertainties inherent to radiometric dating would result in overlapping dates and require some interpretation. Interpolation of data is fundamental to the production of unique age-depth relationships. The WMD approach presented here is a useful tool for facilitating more precise and reliable quantification of these relationships.
CONCLUSIONS
